The bed nucleus of the stria terminalis (BNST)-a small gray matter region located in the basal forebrain-has been implicated in both anxiety and addiction based on compelling evidence from rodent and non-human primate studies. However, the BNST's small size and proximity to other gray matter regions has hindered noninvasive study in human subjects using standard neuroimaging methods. While initial studies have benefitted from a BNST mask created from a single human subject using a 7 T scanner, individual variability is likelyespecially in patient populations-thus a manual segmentation protocol is needed. Here we report on the development of a reliable manual segmentation protocol performed on 3 T MRI images using a scanning sequence that provides high gray matter/white matter/cerebrospinal fluid contrast. Inter-and intra-rater reliabilities, measured in 10 healthy individuals, demonstrate that the protocol can be reliably implemented (intra-rater Dice similarity coefficient≥0.85, inter-rater≥0.77). This BNST tracing protocol provides the necessary foundation for future 3 T MRI studies of the BNST in healthy controls and patient populations.
Introduction
The bed nucleus of the stria terminalis (BNST) has received an increasing amount of interest in the past decade based on animal studies highlighting the BNST's critical role in both anxiety and addiction (Avery et al., 2016) . Seminal rodent studies established that lesions of the BNST reduce sustained fear behaviors resulting from diffuse or unpredictable cues and contexts, akin to human anxiety (Davis et al., 2010 (Davis et al., , 1997 Shackman and Fox, 2016; Walker et al., 2003) . Animal models of drug use, withdrawal, and reinstatement have demonstrated the BNST's involvement in each of these phases of addiction (Jennings et al., 2013; Kash, 2012; Koob and Volkow, 2010; Stamatakis et al., 2014) These compelling findings from animal models of anxiety and addiction have spurred interest in studying the BNST in humans.
Initial functional magnetic resonance imaging (fMRI) investigations of BNST function in humans have provided preliminary evidence that: the BNST is activated during anticipation of threat or reward loss (Alvarez et al., 2011; Grupe et al., 2013; Herrmann et al., 2016; Klumpers et al., 2015; Mcmenamin et al., 2014; Mobbs et al., 2010; Schlund et al., 2013) ; BNST activation is correlated with anxiety (Choi et al., 2012; Somerville et al., 2013 Somerville et al., , 2010 and childhood physical abuse (Banihashemi et al., 2013) ; and BNST activation is heightened in individuals with anxiety disorders (Münsterkötter et al., 2015; Straube et al., 2007; Yassa et al., 2012) . Two recent papers provide thorough reviews of BNST fMRI findings in humans (Avery et al., 2016; Shackman and Fox, 2016) .
Human neuroimaging studies of the BNST have been challenging due to the BNST's small size-about the size of a sunflower seed-and limitations of neuroimaging technology. For example, a recent metaanalysis (Avery et al., 2016) demonstrated that the lack of an anatomical delineation of the human BNST has made it challenging to determine whether regions that show activation in fMRI studies truly encompass the BNST. Several studies report using a BNST region of interest defined on a 3 T structural MRI (Alvarez et al., 2011; Banihashemi et al., 2013; Herrmann et al., 2016; Mcmenamin et al., 2014; Motzkin et al., 2015) . While the use of BNST masks has been an important step forward, the gray matter/white matter/cerebrospinal fluid contrast afforded by standard 3 T structural MRIs is typically insufficient to identify the anterior and posterior boundaries of the BNST.
Two recent studies have made significant advances using ultra-high field 7 T structural imaging. First, our lab used a combination of a 7 T MRI and a novel GRASE sequence to anatomically localize the BNST on a single subject. The BNST mask was normalized to a standard MNI space and then mapped onto 90 subjects in order to identify the BNST's structural and functional connectivity using diffusion tensor imaging and resting-state fMRI at 3 T . The functional connectivity pattern observed in this first study was replicated shortly after by McMenamin and colleagues (2014) . The following year, Torrisi et al. (2015) used 7 T T1 structural images to manually segment the BNST of 36 subjects and examine functional connectivity using 7 T resting-state fMRI. Importantly, the functional connectivity observed at 7 T largely replicated the connectivity patterns observed at 3 T.
While these studies provide compelling evidence that it is possible to anatomically delineate the human BNST using either GRASE or T1 7 T scans, the number of 7 T scanners is limited and the high number of safety exclusions for 7 T MRI makes scanning patient populationssuch as elderly patients and combat Veterans-nearly impossible. Furthermore, patient groups with well-established anatomical variability, for example enlarged ventricles in patients with schizophrenia, highlight the need for an anatomical delineation of the human BNST at 3 T. Here, we report on the development of a reliable method for anatomically delineating the human BNST using a short (4 min) T2-weighted sequence collected on a 3 T MRI scanner.
Materials and methods

Participants
We selected T2-weighted images of 10 healthy participants from an ongoing study. Scans were selected based on the following criteria: absence of current and lifetime psychiatric disorders, as determined by the Structured Clinical Interview for the DSM-IV (First et al., 2002) ; free from psychotropic medications (within the past six months); and without significant scan artifacts, as visually inspected by JUB. Participants included in the analysis were 18-29 years old (mean ± SD: 23.4 ± 3.4), 40% female, and 90% right-handed. The participants were mostly Caucasian (90%; 10% African-American). The Vanderbilt University Institutional Review Board approved the study, and written consent was obtained prior to participation.
MRI scan acquisition
Scans were initially collected using a 3 T Phillips Intera Achieva MRI scanner (Phillips Medical Systems, Andover, MA). A T2-weighted turbo spin-echo (TSE) sequence was collected based on the sequence developed by Yushkevich et al. (2010) , consisting of 1 dynamic collected over 26 slices (480×480 matrix, voxel size=0.479 mm× 0.479 mm×2 mm, no gap, TR=2380 ms, and TE=90 ms). T2-weighted scans were coregistered with each subject's corresponding T1-weighted scan, which scaled voxel size to 0.8 mm×0.8 mm×0.9 mm.
BNST delineation
The anatomical location and boundaries of the BNST were identified based on the Mai human brain atlas ( Fig. 1 ; Mai, Maijtanik, and Paxinos, 2015) , which includes information from histological preparations and provides excellent detail for the delineation of subcortical structures. The BNST was initially traced in the coronal view, with the axial and sagittal views used for confirmation. In the coronal view, the inferior boundary was defined by the superior aspect of the anterior commissure. The superior boundary was defined by the thalamostriate vein when visible, or alternatively, the most ventral aspect of the caudate body. The medial and lateral boundaries were defined by the fornix and internal capsule, respectively. The anterior boundary of the BNST was defined as two slices or 1.8 mm anterior to the most anterior slice in which the anterior commissure is still visibly joined at the midline (see Supplemental Figure) . Finally, the posterior boundary was defined by the interventricular foramen (see Supplemental Figure) , the channel that forms between the lateral ventricles and third ventricle and is bordered by the fornix and the thalamus.
Manual segmentation protocol
The BNST was manually traced using 3D Slicer (version 4.5; www.slicer.org; Fedorov et al., 2012) , a software package that provides simultaneous visualization in all orientations. Using 3D Slicer provided several advantages for tracing the BNST. The image contrast was modified so that BNST boundaries were definable consistently across raters. Each hemisphere, beginning with the left, was segmented in the coronal view, with axial and sagittal views used for boundary refinement. Finally, in each view, the interpolated image was used for tracing and then the non-interpolated/raw image was used to exclude white matter and CSF. (Fig. 2) .
After setting the appropriate image contrast, the interpolated view was selected for the tracing process. Each hemisphere was traced separately, starting with the left side as displayed in 3D Slicer. To provide a common starting point, all tracing began on the coronal slice in which the anterior commisure was most visible. All contiguous gray matter voxels were then traced within the defined boundaries. Tracing proceeded anteriorly to the anterior boundary and then posteriorly from the initial anterior commisure slice.
Once all coronal slices had been traced, the verification process began with the non-interpolated view, which provided clear identification of voxels to exclude as white matter or cerebrospinal fluid. Additionally, if it was not immediately apparent whether a voxel should be excluded or not, the image intensity values were used to exclude a voxel based on percent differences greater than 25% compared to a known, contiguous gray matter. After excluding cerebrospinal fluid and white matter voxels in each view, the axial view was utilized to verify inferior and superior boundaries using the interpolated view. Proceeding inferiorly in the axial view, the inferior boundary was verified by the first slice in which the anterior commisure appears. Proceeding superiorly in the axial view, the superior boundary was verified by the most inferior slice that included a clearly visible thalamostriate vein. In the case of more than one vein traversing this area, the most prominent vein was used to determine the boundary. However, if no thalamostriate vein was visible, the superior boundary was defined as being below the most inferior aspect of the caudate. Moving to the sagittal view, and proceeding medially, the medial boundary was verified by the first medial slice containing the fornix column. Also in the sagittal view, the lateral boundary was verified by the most lateral slice in which there was no longer contiguous gray matter and the lateral ventricle receded from view superiorly. For each of the above boundaries, all voxels contained within the boundary slice and exterior to it were excluded.
Reliability analysis
Fourteen T2-weighted scans (10 unique scans, 4 duplicate scans) were traced independently by JDT (Rater 1) and CRR (Rater 2) with completion times and image contrast parameters recorded. Rater 1 was the expert tracer and trained Rater 2 using the manual segmentation protocol until proficient. Since the BNST is a small and variable region, we used the Dice similarity coefficient (Dice, 1945) as the reliability measure. The Dice similarity coefficient is an apt measure in this case since the calculation is based on physical overlap at each voxel, providing the most stringent test of reliability in anatomical location. Inter-and intra-rater Dice similarity coefficients were calculated for left and right hemispheres separately. To determine whether individual rater factors influenced reliability, we tested the effect of between-rater differences in completion time and image contrast parameters on Dice coefficients with a multiple linear regression.
Next, we created a probabilistic mask using the 10 original scans traced by Rater 1. The T1 image from each subject was normalized to the MNI 152 1 mm template using an initial affine registration with the correlation ratio cost function and trilinear interpolation in FSL (Jenkinson and Smith, 2001 ) followed by a diffeomorphic registration using the SyN algorithm and BSpline interpolation in ANTs (Avants et al., 2008) . Successful normalization was achieved without bias field correction. The parameters from the affine and diffeomorphic registrations were then applied to the BNST tracing using nearest neighbor interpolation in FSL followed by MultiLabel interpolation in ANTs. Next, tracings were averaged together to create the probabilistic mask (available at Neurovault.org). In order to provide a consistent volume that could be compared across laboratories in MNI space, these normalized tracings were used in determining average volume of the BNST. Finally, to determine whether manual tracings at 3 T are a valid proxy for manual segmentation of images collected at 7 T, we compared the 3 T probabilistic mask to the previously published 7 T single subject mask (Avery et al., 2014) .
Results
The average human BNST in our sample was 65.9 mm 3 (SD=21.8)
for the left hemisphere and 66.9 mm 3 (SD=20.1) for the right hemisphere. Intra-rater Dice coefficients were excellent for both raters (Rater 1: 0.95 ± 0.05, right: 0.95 ± 0.05; Rater 2: left: 0.85 ± 0.04, right: 0.92 ± 0.03), indicating that this protocol can be used to reliably trace the anatomical boundaries of the BNST. Inter-rater Dice coefficients between raters were also very good (left: 0.79 ± 0.09, right: 0.77 ± 0.07). The inter-rater differences were largely due to slightly larger BNST tracings by Rater 2 compared to Rater 1 (left: F(1, 12)=11.2, p=0.006; right: F(1, 12)=16.2, p=0.002) but were not related to between-rater differences in completion time nor image NeuroImage 146 (2017) 288-292 contrast parameters (left: F(3, 10)=0.48, p=0.70; right: F(3, 10) =2.16, p=0.16). Next, to determine the most appropriate mask for standard space use, the probabilistic mask (based on the 10 scans traced by Rater 1) was set at overlap thresholds of 10%, 25%, 50%, and 75%. The volumes of the left and right BNST at each threshold were averaged together for comparison to mean volume of the 7 T BNST mask. The mean volumes for the different thresholds varied substantially from one another: 10% = 177 mm . As a reference point, the original 7 T BNST mask was 180 mm 3 . It should be noted that these volumes include spatial variability in addition to volumetric variability and therefore do not directly correspond to the volumes of the individual BNST tracings. Next, the 4 3 T thresholded masks (percent overlap: 10/25/50/75) were compared to the original 7 T BNST image to determine whether the 3 T T2W images could be used as effectively as 7 T images. The 3 T mask thresholded at 10% had the best overlap with the 7 T mask (see Fig. 3 ) and a Dice coefficient of 0.74. As expected, there are some minor differences based on individual variability.
Discussion
To our knowledge, this is the first protocol for manual segmentation of the BNST at 3 T field strength. Through the utilization of a special T2-weighted MRI sequence, we were able to reliably trace the human BNST. These reliability estimates are comparable to those reported for the manual segmentation of other subcortical regions, such as the pallidum (Fischl et al., 2002) . Furthermore, the resulting 3 T BNST mask overlaps well with the previously published 7 T mask , suggesting that the BNST can be successfully and validly traced at the lower 3 T field strength.
While there was large overlap in the BNST location across the healthy subjects in this sample, there was also notable variability, which is of concern for patient populations. For example, use of a standardized BNST mask might be difficult in disorders such as schizophrenia in which enlarged lateral ventricles are commonly observed (Haijma et al., 2013) . Because this protocol is based on anatomical landmarks, it can be easily adapted for patient populations.
Therefore, we recommend that future studies involving patient populations identify subject-specific BNST anatomy through manual tracing in lieu of using standardized masks. Given the inefficiency of manual tracing, future research should focus on developing reliable automatic segmentation routines for the BNST. Although older automated segmentation routines have performed poorly with small subcortical structures, like the amygdala (Morey et al., 2009) , newer multi-atlas segmentation methods hold promise (Hanson et al., 2012; Yushkevich et al., 2015) .
There were a few limitations involved with this study. First, T2-weighted scans may be more susceptible to motion artifacts than T1-weighted scans (Yushkevich et al., 2015) . Second, similar to the amygdala (Entis et al., 2012) , the BNST often lacked clear anatomical boundaries and therefore required raters to make subjective decisions. For example, the anterior boundary could vary somewhat by subject and slice thickness. Likewise, the location of the thalamostriate vein near similar veins in the superior portion of the BNST sometimes led to differences in the superior boundary. Finally, although this study demonstrates the ability to trace the BNST as a whole, it should be noted that there are subregions of the BNST that may be functionally distinct and therefore not representative of the entire region (Gungor and Paré, 2016) .
In summary, the manual tracing protocol described here provides a practical and reliable method for identifying the BNST on individuals using 3 T MRI. Additionally, the BNST mask culminating from the reliability tracings overlays well in healthy human subjects and can be used easily as a simple estimate of the BNST size and location. The method presented here can be integrated easily with functional MRI studies at 3 T, laying a critical foundation for increasing scientific knowledge about the human BNST. For example, precise estimates of volume will be important for determining whether BNST size is associated with psychiatric disease, consistent with evidence from other brain regions, such as increased amygdala volume in anxiety vulnerability and decreased hippocampal volume in schizophrenia (Nelson et al., 1998) . Furthermore, both the BNST mask generated from this study and the ability to delineate the BNST on individual subjects will provide the necessary tools for 3 T imaging to move the field forward. 
